To examine a new concept for computerized production of dental prostheses, an experimental porcelain forming system was devised. Unlike other dental CAM systems, the system is intended to form porcelain much as human technicians do. The system builds up an object by alternately applying water and droplets of porcelain powder. Test specimens were made by forming porcelain powder into square plates under different forming conditions. Surface characteristics and shapes of formed porcelain were found to be affected by conditions such as quantity of water, forming area and forming thickness.
INTRODUCTION
With the recent great progress of computer aided design and manufacturing (CAD/CAM) technologies in industry, numerous studies have addressed dental CAD/CAM systems1-7). Aiming at replacing the traditional method for manufacture of dental prostheses, various new methods such as milling8-22), electrical discharge machining19-22) and laser lithography23-25) have been introduced.
Several systems are already in clinical use, although there is still room for improvement in areas such as fit precision, working time and cost.
On the other hand, dental work like porcelain forming done by skilled hand can be considered a fine art, especially from a cosmetic point of view. We may, therefore, say that such work cannot easily be entirely automated, and it is important to take into account the compatibility of CAD/CAM systems with the conventional porcelain forming technique. CAD/CAM systems for porcelain which manufacture restorations by means of milling have been studied8 -11,13,20) , and some of them are now commercially available.
However, we know of no attempts to build up porcelain automatically, by applying porcelain slurry as in the brush-on technique performed by dental laboratory technicians.
In this way, not only could a machined work be retouched by hand if necessary, but also fine design of inner structures of prostheses by computer may become possible.
The concept of making prostheses by building up materials using a computer has potential for wide application.
This paper considers the feasibility of developing a new dental CAM system evolved from conventional techniques.
As a fundamental attempt at the concept, a prototype system was built. # PC-9801E, NEC, Tokyo, Japan The results show that surface characteristics and shapes of porcelain formed by the experimental system were affected by various conditions, such as quantity of water, surface area, and thickness.
When insufficient water was supplied during forming, spaces remained between porcelain droplets.
Conversely, when too much water was supplied, the porcelain slurry became runny and outlines of formed porcelain spread widely due to slip flow. The outlines exceeded the scanning area of the stage even when formed without water.
There are several reasons for this. One is the size of the porcelain droplets.
Another is that droplets from the porcelain feeder deviate slightly from their forming target.
These are fundamental factors of forming precision to be considered.
Not only excess water, but also an oblique jet of water led to the slanted side walls of the layered porcelain.
In addition, the tilted mount of the water jet unit caused target shift as the formed porcelain become thicker. To avoid these problems and to successfully carry out thicker forming, the system needs to be modified by moving the nozzles of the water jet unit closer to the nozzle of the porcelain feeder or by adding a Z stage to lower the workpiece in accordance with the thickness of the formed porcelain.
The proper quantity of water for forming is related to complex forming conditions. In spite of the same water-to-porcelain powder ratio, the two tested forming patterns yielded different results as shown in Fig. 6 . The larger, and hence more time-consuming, forming pattern gave rise to cracks. Based on observations of similar cracks by re-wetting a formed and dried test specimen, this phenomenon appears to depend not on firing, but on evaporation during forming.
Forming points were moistened locally by the water jet unit and gradually became dry. Thus wetting a portion beside formed porcelain caused discontinuities of density.
With the scanning sequence, forming was done successively at short time intervals in a longitudinal direction.
For these reasons, formed porcelain had a tendency to come apart at the seams, resulting in longitudinal cracks.
Meanwhile no cracks were observed in the smaller forming pattern.
This can be explained by the difference in time required for forming: It was about one-fourth that of the larger forming pattern, so evaporation was thought to be less influential. One means of solving this problem would be to increase the forming speed of the system.
Another possibility is changing the forming sequence to eliminate seams.
Forming thickness as well as area are influential in determining optimum water supply. When forming a first layer on a dry workpiece, more water is needed than for the second and subsequent layers.
That is to say, the water supply must be reduced as the formed porcelain becomes thicker.
The marginal portion of formed porcelain should not be over-moisturized, otherwise it will become distorted. In conventional forming, the consistency of porcelain slurry is maintained at a certain level. Condensation of formed porcelain is regulated properly and escaping water is removed by suction.
In contrast, this experimental system forms porcelain with a constant water-to-porcelain powder ratio, and no condensing measure has yet been devised. Considering evaporation, determination of the optimum quantity of water for forming is complex. Consequently, water supply during automatic forming should be controlled by feedback based on the water content of the porcelain slurry. It is clear that water supply and condensation are interdependent. The experimental system needs further improvement before complex shape forming will be possible.
CONCLUSION
An experimental system composed of a porcelain feeder, water jet unit, XY stage, and computer was developed.
Test pieces were made by forming porcelain powder into square plates under different forming conditions. Water quantity turned out to be an influential factor affecting surface characteristics and shapes of porcelain formed by the system. The proper quantity of water for automatic forming was related to evaporation. It was concluded that investigation is required on feedback-driven control of a variable water supply capable of responding to varying conditions during forming.
